types is the establishment of polarity and specialization of regions of the plasma membrane. The formation of junctional zones together with apical and basolateral domains provides not only barrier function but also differentiation of the plasmalemmal proteome and lipidome to help the specific organ or tissue function. Like all eukaryotic cells, endothelial and epithelial cells must secrete and internalize cargo.
However, due to their polarized nature and the fact that many cells lie at an interface between two environments, these cells also have an ability to transport material in transcellular fashion in a vesicular process termed transcytosis.
It will become apparent from this review that much more is known about transcytosis by epithelial cells than by their endothelial counterparts; we believe the reasons for this are largely technical (as discussed in detail below) but also reflect some complacency regarding the differences between these two types of polarized cells.
While some might consider endothelial cells to be a subset of the epithelium, we view this as an oversimplification. Endothelial cells demonstrate substantial heterogeneity based on the blood vessel that they line (eg, aorta vs capillary) and the unique physical forces (eg, shear stress) that they are exposed to 2, 3 ; they are also characterized by unique (or highly enriched) proteins (eg Tie2, VE-cadherin), the disruption or modulation of which have pathological consequences. For instance, loss of Tie2 leads to vascular leakage and even mortality during inflammatory disorders. 4, 5 Certainly, the biological functions served by the endothelium (anti-thrombogenic, regulating vascular permeability, etc.) are distinct from the epithelium. Together, this suggests that classifying endothelial cells as a subset of epithelium might miss out on important physiological and pathological distinctions. It is our hope that this review will stimulate interest in the exploration of transcytosis by both cell types.
| EPITHELIAL TRANSCYTOSIS-IMMUNOGLOBULINS LEAD THE WAY
Immunoglobulins (Igs) are essential components of the adaptive immune response. Importantly, these molecules can be transported around our bodies and even passed from mother to offspring via milk.
Early studies in the neonatal rat demonstrated internalization and transcellular transport of IgG from the intestine across epithelial cells into the bloodstream thereby providing the suckling pup with antibodies. 6 These observations led to the discovery of the neonatal Fc receptor (FcRn), the protein responsible for the recognition of the IgG. More recently, the FcRn has been shown to act as a retrieval mechanism in endothelial cells to maintain IgG molecules in circulation. Similarly, cell biologists and immunologists determined that Igs in external secretions (ie, mucus) were selectively transported across the epithelium that lines the respiratory, gastrointestinal and urogenital tracts. 7, 8 As part of the mucosal immune response, activated plasma cells in the lamina propria mucosae underneath the epithelium secrete polymeric IgA (pIgA), which crosses from the basolateral to the apical side of the epithelium and is released into mucosal surfaces. Elucidating this mechanism led to the identification of the polymeric immunoglobulin receptor (pIgR) that binds to dimeric IgA (dIgA) and other higher-order IgA assemblies to mediate transcellular delivery of the antibodies. Together these two receptor-mediated transport pathways have provided researchers with excellent models to investigate the modes and regulation of epithelial transcytosis ( Figure 1 ).
| Polymeric IgA receptor-mediated transcytosis
While not universal, several integral membrane proteins ultimately destined for the apical surface are first trafficked to the basolateral membrane in epithelial cells. 9, 10 The export of IgA to mucosal surfaces makes use of this phenomenon and the ability of the pIgR to bind to dIgA and other higher-order IgA assemblies. It is worth noting that the majority of the research carried out in vitro has involved expression of the rabbit pIgR in Madin-Darby Canine Kidney (MDCK) epithelial cells. 11 This receptor is first synthesized in the Endoplasmic reticulum (ER) then transits to the Golgi apparatus and is delivered to the basolateral membrane. Due to that separation of the apical and basolateral membranes by the presence of tight junctions pIgR cannot reach its final destination, the apical surface, by simple diffusion.
Instead it uses a transcellular vesicle-mediated transport pathway. In the absence of ligand, pIgR undergoes endocytosis and an inefficient "constitutive" transcytosis with much of the receptor being recycled back to the basolateral membrane. 12, 13 Little is known about the regulation and sorting of this constitutive pathway other than the dependence of key elements on pIgR: phosphorylation of Ser-664, the presence of an extracellular N-glycosylation and the apical targeting sequence spanning amino acids 731 to 741. 14 In addition to this constitutive process, a stimulated pathway also exists and is activated by ligand binding to the receptor (discussed below).
The pIgR is comprised of an extracellular region consisting of 5 homologous repeats, a single transmembrane domain and a 103 amino acid cytoplasmic domain important for signaling and trafficking. 15, 16 Binding to dIgA stimulates dimerization of the pIgR, which is required for efficient transcytosis. 17 While in transit, the IgA molecule forms covalent interactions with the receptor via a mixed disulfide exchange mechanism. 18, 19 Once delivered to the apical surface, a proteolytic cleavage event occurs by the action of a still unknown protease(s). This releases the extracellular portion of the receptor in complex with the antibody thereby ensuring proper directionality of this transcytosis pathway.
| Endocytosis and receptor signaling
Experiments using MDCK epithelial cells expressing rabbit pIgR demonstrated that the receptor undergoes constitutive transcytosis in the absence of ligand binding. 12, 13 However, the pathway for transcytosis can be enhanced as the rate of pIgR transit to the apical surface increases in response to ligand binding. 17 Additionally, in vivo experiments have confirmed that rat hepatocytes possess a basal rate of pIgR transcytosis from the basolateral side to the apical, canalicular surface. This transport is enhanced following the injection of IgA into the circulation resulting in the deposition of the injected IgA into the bile. 20 However, whether this behavior occurs in humans is uncertain as in vitro studies have shown that while the binding of IgA to the human pIgR elicits downstream signaling, it does not enhance the rate of transcytosis. 21 Following binding of IgA to pIgR, the receptor-antibody complex is internalized through clathrin-mediated endocytosis (CME) (see Figure 1 ). 22 The targeting of the receptor to clathrin-coated pits is mediated by a signal sequence located within amino acids 658 to 661 in the cytoplasmic tail of the receptor. 22 The precise role of this sequence is unknown, but it may involve recognition by a scaffolding or adaptor protein. 22 Furthermore, phosphorylation of Ser-726 is required for efficient internalization of the receptor from the basolateral membrane. Clearly, despite being extensively studied for the last 2 decades, some of the fundamental mechanisms associated with the endocytosis of the receptor are still unknown. 
| Itinerary through the cytoplasm
Following uptake via CME, the IgA-receptor complex along with other cargo are delivered to the basolateral endosomal compartment as indicated by their colocalization with early endosomal markers Rab5 and early endosomal antigen 1 (EEA1). 26, 27 Next, the cargo progresses to tubular compartment referred to as the common recycling endosomes (CRE) that is accessible by transferrin and cargo endocytosed from either the apical or basolateral surface. 26, [28] [29] [30] [31] This pathway requires both actin polymerization and microtubule-dependent sorting of the cargo to the Rab17 positive structure. 32 Precisely how the pIgR complex is sorted out of this structure and delivered toward the apical region of the cell remains unknown, although, it is tempting to speculate that proteins such as the sorting nexin proteins or perhaps other Rab proteins might be involved. At this point in the transit, it is unclear if the pIgR complex is directly delivered to the apical FIGURE 1 Illustrative representation of the mechanism of dIgA-pIgR transcytosis. dIgA binds to pIgR at the basolateral membrane and is internalized through clathrin-coated pits. The dIgA-pIgR complex is transported to Rab5-and EEA1-containing BEE. At the BEE, dIgA can be sorted for delivery to the lysosome for degradation, back to the basolateral surface for pIgR recycling, or to the Rab17-containing CRE for transcytosis. It is unclear what route is taken by dIgA-pIgR for exocytosis at the apical end. One hypothesis includes delivery of dIgA-pIgR from CRE directly to the apical membrane for exocytosis. An alternative hypothesis involves sorting of dIgA-pIgR to Rab11-Rab17-and Rab25-containing ARE followed by delivery to the apical surface for exocytosis. Proteolytic cleavage of pIgR is required to release dIgA in secretions. dIgA-pIgR that escapes cleavage is internalized at the apical surface and then sorted to AEE where it is cycled through the CRE or ARE to the apical surface once again for cleavage membrane from the CRE, or alternatively, if it is transported to the apical recycling endosomes (ARE) identified by the enrichment of Rab11, Rab25 and Rab17 ( Figure 1 ). [33] [34] [35] As p62 Yes kinase physically interacts with the pIgR, it raises the possibility that p62 Yes may remain associated with the receptor during its transit or alternatively p62 Yes could be recruited to pIgRcontaining endosomes. Indeed, a study using rat hepatocytes revealed that IgA-mediated stimulation of pIgR resulted in epidermal growth factor receptor (EGFR) phosphorylation by p62 Yes on endosomes. 36 This finding was also observed in the pIgR-expressing MDCK model. Phosphorylation of EGFR stimulated its own kinase activity leading to the phosphorylation and activation of extracellular signal-regulated protein kinase, which then phosphorylated the Rab11 effector FIP5. 36 The FIP5 is found enriched on the ARE and depletion of FIP5 results in a ≈56% decrease in transcytosis. 36 As FIP5 has been reported to recruit the motor protein myosin Vb, this observation could help explain the directionality and transport of the pIgR-IgA complex to the apical surface for exocytic delivery.
| Exocytic release of cargo
The release of the IgA from the epithelium involves two steps: first, the pIgR-containing vesicle fuses to the apical membrane and second, proteolytic cleavage of the ligand-binding portion of pIgR occurs by a thiol-dependent proteinase. [37] [38] [39] [40] Fusion of the immune complexcontaining vesicle to the membrane requires ATP, N-ethylmaleimide sensitive factor (NSF) and transcytosis-associated protein (TAP). 41 The exact function of TAP is still unclear, but this 108 kDa protein is enriched in transcytotic vesicles containing pIgR 42 ; the dependence on NSF implicates the involvement of the family of SNAREs, the general fusion machinery for many intracellular trafficking events that mediates the tethering and fusion of vesicles to the plasma membrane. After the vesicle fuses to the apical membrane, pIgR is cleaved resulting in the release of the Ig into the mucosal layer while still bound to the cleaved ligand-binding portion of pIgR (which is referred to as the "secretory component"). In addition to aiding the release of Ig, the secretory component is also required for protecting the Ig from protease and denaturants in the mucosal secretion. It is hypothesized that the secretory component is cleaved during shuttling to or at the apical membrane. 43 However, any Ig-receptor complex that fails to be cleaved is internalized at the apical membrane and recycled back through CRE or ARE to the apical membrane where it can be presented for cleavage again. The FcRn is a type I transmembrane protein that is comprised of 2 subunits, a membrane-bound major histocompatibility complex class I-like heavy chain that noncovalently binds to the other subunit, the β 2 -microglobulin light chain. 44 Unlike the pIgR, the FcRn does not 
| Endocytosis and receptor signaling
The cytoplasmic tail of the FcRn contains two motifs associated with clathrin-mediated endocytosis (CME) and sorting; a WXXΦ motif (where Φ can be F, I, L, M or V) similar to the canonical YXXΦ motif,
. 48 These motifs are recognized by the clathrin adaptor complex 2 (AP2) and are required for optimal CME of the receptor. Specifically, the WXXΦ is recognized by the μ2 subunit of AP2, 49 while the binding of the dileucine motif is more complex involving residues from the σ2 and α2 subunits and conformational changes in the β2 subunit. 50 In general, CME cargoes usually are endocytosed via a constitutive endocytosis (eg, transferrin receptor) or a stimulated endocytosis (eg, EGFR). Typically, stimulated endocytosis is associated with a receptor-initiated signal transduction cascade. To our knowledge, the interaction of IgG with FcRn does not stimulate any signaling pathways and is likely to use constitutive endocytosis. However, the cytoplasmic tail of FcRn contains many putative phosphorylation sites with Ser-313 and -319 subject to phosphorylation in fibroblasts while a nonphosphorylatable mutant S313A was impaired in apical to basolateral transcytosis and displayed enhanced recycling. 51 This suggests that the phosphorylation is more important for the sorting of internalized receptor rather than the initial endocytic event. Precisely where this phosphorylation takes place is unknown, as is the identity of the kinase responsible. to identify the different endosomal populations including the early (EEA1 and Rab5), late (Rab7 and Rab9) and recycling (Rab11) compartments. 54 As well the results demonstrated that the goldconjugated cargo was found on both the limiting membrane and intraluminal vesicles of the multivesicular endosomes. The authors speculate that this pathway in the newborn rat pups is not degradative as observed in other cell types or even older animals and instead is simply another endosomal sorting station. In support of this notion, the tomography reveals very long tubular structures emanating from the multivesicular bodies. 55 While the use of MDCK cells has been fruitful to examine transcytosis, it is clear that the primary rat intestinal cells have an even more extensive and complex network of endosomes.
| Itinerary through the cytoplasm

| Exocytic release of cargo
Another striking observation from the electron tomography studies is the presence of clathrin-coated vesicles at the site of exocytosis. 54, 55 This observation would be consistent with the previously described "kiss-and-run" fusion event 56 and may help explain the prolonged release of IgG following exocytosis observed in single-molecule tracking experiments. 57 Additionally, the results suggest that a clathrincoated vesicle could be forming and budding off a specific population of endosomes, which contains the FcRn complex. An attractive follow-up study would be needed to identify which adaptor complex is associated with these vesicles and whether it is required for the transcytosis of the receptor complex.
Recently, Lencer and colleagues identified novel regulators of transcytosis and recycling of FcRn in MDCK cells using an RNAi approach.
Of the identified genes, 2 of the more robust inhibitors of transcytosis were exocyst complex componet (EXOC)2 and EXOC7, which encode human Sec5 and Exo70, respectively, 2 subunits of the multimeric Exocyst complex. 58, 59 Intriguingly, the Exocyst components were found to be important for the transcytosis pathway but not the apical or basolateral recycling pathways. Individual Exocyst component proteins have been observed on vesicles and the plasma membrane and have been demonstrated to interact with a variety of small GTPases, molecular motors and cytoskeletal proteins. 60 Thus, it is tempting to speculate that the individual Exocyst components may play a role in sorting and trafficking and not simply acting as a tether to mediate exocytosis.
| Immunoglobulin transcytosis pathways-ships passing in the night?
In a seminal study, Bjorkman and coworkers compared the transit of the FcRn and pIgR in response to their respective ligand in MDCK cells. 61 While the movement of the pIgA was largely unidirectional, the movement of IgG-FcRn consisted of both transcytosis and recycling of materials back to the apical surface. The study also revealed that despite having different sites of origin, both cargoes, IgG and dIgA, partly colocalized in EEA1-positive endosomes as well as common and basolateral recycling endosomes. In both cases, the individ- 
| FcRn as a receptor for albumin
In addition to its role in IgG transcytosis, FcRn has also been described to function in the retrieval of both IgG and albumin in endothelial cells and the transcytosis of albumin by hepatocytes and proximal kidney epithelial cells. 62, 63 FcRn binds both ligands at distinct sites in a noncooperative manner at acidic pH. 64 Typically, the pH of urine ranges from 5.5 to 7.0 and thus could potentially support the binding of albumin to FcRn. However, an alternative possibility is that the scavenger complex megalin and cubilin mediate the initial uptake of albumin from the primary urine and later in an acidic endosomal compartment the albumin is released and picked up by FcRn. 65 In the latter model, FcRn would be acting more as a retrieval receptor to prevent the degradation of albumin in the lysosome rather than a bona fide transcytosis receptor. As most of this work has been done using global or tissue-specific FcRn knock-out mice, a more in depth cell-based study will be needed to determine the molecular mecha- 
| The blood-brain barrier
The BBB is made up of endothelial cells in part, which line blood capillaries in the brain. Capillaries are more abundant in the brain compared with other organs, yet the degree of permeability of blood vessels in the brain is much lower than the systemic circulation. The brain endothelium forms a tight continuous monolayer that blocks paracellular diffusion of water-soluble molecules [79] [80] [81] ; inter-endothelial junctions are much tighter in the BBB than the systemic circulation. Importantly, in contrast to the epithelium, transcytosis across the endothelium is thought to largely occur in the opposite direction, from the apical to basal membrane. Compared with the endothelium of other tissue beds, the brain endothelium has fewer caveolae and fewer transport vesicles.
This was illustrated by Goldmann who observed that intravenous injection of trypan blue did not stain the brain while the injection of the dye into the subarachnoid space did. 82 The relative impenetrability of the BBB has generated much interest in inducing endothelial transcytosis as a means of drug delivery to the brain. [67] [68] [69] However, a discussion of the mechanisms of transcytosis across this specialized endothelial bed is beyond the scope of this review. The reader is referred to a recent authoritative review on this subject. 83 
| ENDOTHELIAL TRANSCYTOSIS IN THE SYSTEMIC CIRCULATION
| Tissue heterogeneity
Endothelial transcytosis occurs throughout the body ( Figure 3A ), yet
The discrepancy between what is known about epithelial vs endothelial transcytosis is striking. 84 A complicating factor that affects cell culture-based studies of endothelial transcytosis stems from differences between blood vessels from different vascular beds. 85 While the blood vessels of capil- ; however, in larger vessels (such as arteries) transcytosis across the endothelium may lead to pathological accumulations of lipid in the vessel wall itself (Figure 3 ) (discussed below 86, 87 ).
In addition to structural differences between various types of blood vessels, at a cellular level, the endothelial cells themselves exhibit important distinctions in different tissues (as reviewed in Ref- 
| Historical barriers to the study of endothelial transcytosis
The relative paucity of literature on endothelial transcytosis reflects both long-standing technical difficulties and persistent uncertainty or ambivalence as to its physiological importance. 88 reported in chromaffin cells. 94 Analysis to track and quantify these particles can be automated in a semi-blinded fashion by a Matlab script.
The TIRF-based assay reduces concerns regarding poor transfection efficiency as it focuses on individual cells in the monolayer and serves as a quantitative assay compared to electron microscopy. In addition, ex vivo assays (eg, aortic perfusion) and intravital microscopy 92 can be used as complementary methods to study transcytosis and for validation of molecular insights derived from cultured cells. These approaches have been used to study the transcytosis of albumin and low-density lipoprotein (LDL), which make up a large part of the current knowledge regarding the endothelial transcytosis and will be discussed below.
| Albumin transcytosis
In the 1980s, Palade and coworkers injected monomeric albumin into the left ventricle of mice and followed its route out of the myocardial microvasculature using gold-tagged antibodies and electron microscopy. 95 Albumin was detected in plasmalemmal-derived vesicles of the capillary endothelium and in the capillary interstitium but was never observed crossing intercellular junctions. Binding of the albumin to the luminal plasma membrane of the endothelium was easily displaced by flushing with PBS, implying low-affinity binding.
| Endocytosis
Interestingly, the relative contribution of receptor-mediated internalization toward transcytosis of albumin has been reported to be negligible compared with the role of fluid-phase uptake, at least as studied in the lung. John et al found that substantially more unlabeled albumin was required to inhibit uptake of radioactive albumin compared to the amount that inhibited binding of albumin. They concluded that the vast majority (98%) of the internalized albumin was not receptor-bound, but instead was internalized by fluid-phase uptake. 96 Concordantly, inhibition of macropinocytosis using amiloride 97 has recently been reported to reduce albumin internalization by endothelial cells, including in cells depleted of caveolin-1. suggesting that other receptors may exist. As mentioned earlier, the FcRn is known to bind to albumin, but functions to preserve and recycle the endocytosed protein rather than perform transcytosis. 104 Follow-up studies proposed a critical role for Src kinases in mediating phosphorylation of both caveolin-1 (Y14) and the GTPase dynamin2 (Y231/Y597), which were found to be required for the endothelial internalization of albumin. 105 Dynamin phosphorylation by Src-induced its binding to caveolin-1 and hence its recruitment to caveolae. Caveolar internalization and albumin transcytosis required the actin-binding protein filamin A, 106 while the Eps15-and SH3-containing protein intersectin was shown to regulate caveolar internalization 107 (although an effect on transcytosis per se was not determined). in support of this notion, knockdown of caveolin-1 in primary lung microvascular endothelium induced an increase in paracellular leak. 113 Our own data suggested more broadly that inhibition of transcytosis in resting endothelium results in the induction of paracellular gaps. 92 Thus, the phenotype of the caveolin-1 knock-out mice does not resolve the issue of the physiological importance of albumin transcytosis. The lack of a change in albumin clearance in cav1 −/− mice could imply that transcytosis of albumin is unimportant, but the compensatory increase in paracellular permeability could also suggest that it is critical. Our own view is that albumin transcytosis is likely important, possibly to regulate the traffic of fatty acids across the endothelium for metabolism 114 or for the regulation of oncotic pressure, the force that tends to pull fluid into the circulatory system from the surrounding interstitium. When tagged LDL was injected into the circulation of rats, it was subsequently detected in intracellular vesicles and in the vascular intima but never observed crossing at intercellular junctions.
| Trafficking and exocytosis
119,120
The average LDL particle has a diameter of approximately 20 to 22 nm, larger than the gaps between adjacent cells in continuous endothelium (3-5 nm) . Together, this suggests that LDL can cross an intact endothelium, likely via transcytosis. The process of LDL transcytosis is not well understood even though the endocytosis of LDL by the high-affinity LDL receptor (LDLR) is exquisitely well characterized ( Figure 4) . 121 While LDLR has served as a model for studying receptor-mediated internalization, it does not explain the accumulation of LDL underneath endothelial cells.
| Endocytosis
In the BBB, LDLR has been reported to mediate LDL transcytosis. 122 However, this is unlikely to be the case in the systemic circulation, oxide production that is dependent on the adaptor protein PDZ Domain Containing 1 (PDZK1). 131 Whether this canonical signaling pathway is required for LDL transcytosis is unknown. As mentioned earlier, ALK1's kinase activity is not required for its internalization of LDL in endothelial cells. Some data suggest that cargo destined for transcytosis evades the canonical lysosomal sorting pathway (eg, LDL, albumin), although the mechanism remains uncertain; we speculate that it may be related to internalization by caveolae and possibly an effect of caveolin-1.
While beyond the scope of this review, numerous other ligands have been reported to undergo endothelial transcytosis including HDL, 132, 133 a1-acidic glycoprotein, 134 the Duffy antigen receptor for chemokine 135 and insulin. The ultimate question in the field remains whether endothelial transcytosis is functionally important to normal physiology or to the development of pathology. 88, 141 Certainly, the ability of in vitro studies alone to answer this question is limited. 142 That said, only by elucidating the molecular mechanisms of transcytosis will it be possible to make a final determination of its in vivo importance and its potential for therapeutic manipulation.
